The transfer of energy (in the form of heat) between the building and its surroundings affects its thermal performance. When a given building system is thermally inefficient it will require that the HVAC equipment will be in permanent activity, increasing the underlying energy costs. This work evaluates the influence of using a TiO 2 -coated plastering mortar in the thermal performance of a building wall model. The TiO 2 aqueous solution was sprayed onto the mortar surface, in its fresh state, by using an atmospheric air compressor at a distance of about 20 cm, during 30 s and the speed of the aqueous solution jet set at 100 mL/min, thus leading to a coverage rate of about 12 mg/cm 2 .For the first time, as far as the authors' knowledge, this research work allowed to test the previously speculated hypothesis and verify its feasibility in the building industry context. It has been observed that the application of a TiO 2 -coated mortar worsens the thermal behaviour of the wall model, in 10% and 13% for the conduction thermal resistance and for thermal transmission coefficient, respectively. Furthermore, the deposition of TiO 2 nanoparticles on the exterior wall surface enhances the water evaporation rate in 136%.
Introduction
Energy is the main source of all human-related activities and its consumption must be reduced in every step of the value chain of industrial activities that lead to technological and societal development. Natural resources are fundamental for the economy and to the maintenance of life quality as the current consumption patterns are no longer a viable option. In fact, it is now critical to enhance energy efficiency in order to ensure the economic growth. A more efficient use of energy will create significant economic opportunities, improve productivity, reduce costs and foster the competitiveness of countries.
Accordingly to the International Energy Outlook 2013 report [1] , the energy that is consumed in the building sector (combining residential and commercial end-users) is the responsible for about one quarter of the total energy consumed worldwide and is still rising every year [2] . In this sense, some efforts have been made to enhance the thermal comfort of buildings. As an example, SageLauckand and Sailor [3] have studied the influence of adding phase change materials (PCM) in indoor environmental quality and building energy use. The authors have concluded that the incorporation of 0.9 kg/m 2 floor area of PCM could reduce the zone hours overheated by ∼50%. Veira et al. [4] reported the data related with the functionalization of mortars by using TiO 2 nanoparticles, superabsorbent polymer (SA) and PCM towards the control of the indoor ambient of buildings. They stated that mortars containing PCM were able to delay the temperature variation while the use of SA particles conducted to a higher hygroscopic capacity.
The current concern in the construction industry is the development and design of smart innovative systems and materials for space cooling in buildings. It should be pointed out that the transfer of energy between the building and its surroundings consubstantially affects the thermal performance of a building. In fact, when a certain building system is thermally inefficient it will require that the heating, ventilation and air-conditioning (HVAC) equipment will be in permanent activity, thereby increasing the underlying energy costs. Moreover, the level of energy consumption in high-density urban environments causes an expected temperature increase, the so-called heat island phenomenon.
TiO 2 coated surfaces as efficient energy-saving technology
Titanium dioxide (TiO 2 ) based powders are known to be used as white pigments from ancient times [5] . TiO 2 has been highlighted as an ideal candidate for industrial applications due to its intrinsic characteristics such as high chemical stability, availability, low cost and low toxicity. TiO 2 materials have been used to produce surfaces with photocatalytic, self-cleaning, anti-bacterial and anti-fogging properties based on its photo-induced hydrophilicity/hydrophobicity and decomposition photo-reactions. While the construction industry has been identified as an important market for the incorporation of photocatalytic products (due to the high surface area of the structures, thus leading to the scalability of the processes that may make this approach a real scale economy), the large-scale application of TiO 2 materials is still limited by the needed external excitation sources [6] . In this sense, the research works have been focusing on the development and incorporation of nanosized TiO 2 to enhance the light absorption due to the high surface-to-volume ratio of nanograins [7] . In accordance with Zheng and co-workers [8] , the increased surface area of nanoparticles can provide surface states within the band-gap and, thus, effectively reducing the energy required to promote an electron from the valence band to the conduction band.
Although the photo-induced redox reactions on the surface of TiO 2 materials has been described elsewhere [9] [10] [11] , it is important to emphasize that the aforementioned properties do not occur in the presence of additional chemical compounds: the material is environment friendly in the sense that only the presence of sunlight and rainwater are required [12] .
Hashimoto et al. [5] have proposed a system (shown in Fig. 1 ) that involves sprinkling water continuously on building facades previously coated with a TiO 2 photocatalyst.
According to the authors, under the action of light irradiation the TiO 2 coated building surface becomes super-hydrophilic. This surface state means that even a small amount of water sprinkled on the building would be enough to form a water thin film that could cover the building facade. In this sense, those researchers suggested that the hot surfaces of buildings might be cooled via a thermodynamic process, by releasing a certain amount of latent heat flux when water evaporates. This smart process for cooling down the buildings may contribute to reduce the amount of electricity consumed by conventional air conditioning.
In order to contribute to the scientific knowledge in this field, an experimental campaign has been performed to examine the 
Experimental details

Preparation of standard mortar
The preparation of the standard mortar was carried out according to NP EN 196-1 (2006) . A typical mortar composition was considered in this experimental study, namely 1:1:6 (cement:lime:sand) in volume. The cement (density of 3210 kg/m 3 ) used in the mortar composition was CEM II/B-L 32.5N, according to European standard EN 197-1. The lime that was used consists of a hydrated lime (density of 2240 kg/m 3 ), according to European standard EN 459-1. Finally, the aggregate was a sand (density of 2518 kg/m 3 ), which resulted from the combination of two sands available in the market, namely medium sand (M) (60%) and fine sand (F) (40%). The idea was to obtain more extensive sand, which should improve the workability properties of the mortar.
According to the results obtained by Haach et al. [13] , it is possible to improve the workability of the mortars, by increasing the amount of water, even if it means a reduction of its flexural and compressive strength. In order to guarantee suitable mortar workability, a water/binder ratio (w/b) was defined based on a flow table, obtained by following the procedure described in the European Standard EN 1015-3 (2004) . Thus, for the mortar mix 1:1:6, a (w/b) ratio of 0.5 was defined, corresponding to a flow table of 160 mm. The mortar composition used in this research work is presented in Table 1 .
Preparation of modified mortar through the addition of TiO 2 nanoparticles
In this research work, commercial TiO 2 nanoparticles (Aeroxide TiO 2 P25 from Quimidroga) were used to modify the standard mortar. The semiconductor material was applied by spraying an aqueous solution of TiO 2 nanoparticles onto the mortar surface. The aqueous solution was prepared by using 1.0 wt% of TiO 2 nanoparticles and 1.0 wt% of an acrylic binder on the weight of solution. In a common experiment, 1 g of TiO 2 nanoparticles were sonicated for 30 min with 97.5 g of distilled water, 0.5% of a non-ionic surfactant (TRIDAC ISO 8) and 1 g of an acrylic binder. The mixture was then stirred at 4000 rpm for 1 h. The pH of the aqueous solution was then adjusted at pH 8 by using a 0.3 M NaOH solution to obtain a suitable zeta potential value [14] . Using an atmospheric air compressor, the surface of the standard mortar was sprayed at a distance of about 20 cm, during 30 s and the speed of the aqueous solution jet set at 100 mL/min, thus leading to a coverage rate of about 12 mg/cm 2 . The TiO 2 aqueous solution was sprayed onto the mortar surface in its fresh state. This approach helps to enhance the surface adhesion of TiO 2 nanoparticles (by an entrapment mechanism) during the hardening process of the mortar.
It is important to emphasize that the option for using the spraying process is related to three main points: (1) since TiO 2 is a semiconductor material, sunlight is mainly absorbed by particles that rests on the substrate surface; (2) since the semiconductor material is deposited as a thin surface layer, it is not expected that any significant changes would occurs in the physical and mechanical properties of the mortar; (3) the spraying process avoids the waste of the semiconductor material (thereby reducing the modification costs) that may arise from the volume addition of TiO 2 nanoparticles, according to procedures followed by different authors [14, 15] .
Material's characterization methods
The crystal structure of the TiO 2 particles was determined from powder X-ray diffraction (XRD) measurements using a CuK␣ radiation source from a Philips PW 1710 X-ray diffractometer, with the conventional Bragg-Brentano geometry. Specific software was used to measure the precise 2Â positions and the full-width at halfmaxima (FWHM) of the diffraction peaks. The average crystallite size of TiO 2 particles was calculated from the XRD pattern by applying the Scherrer's equation [16] . Scanning Electron Microscopy (SEM) and Energy Dispersive spectroscopy (EDS) were used to study the surface morphology of the standard and the TiO 2 -coated mortar. The samples preparation consisted of using 2.5 cm × 2.5 cm specimens (standard mortar and TiO 2 -coated mortar), which were coated with a thin layer of gold in order to ensure electric conduction. Microscopy analysis was conducted by using a FEI Nova 200 (FEG/SEM) microscope, which also integrates a X-ray microanalysis system (EDS-energy dispersive spectrometer) that is used for the elemental analysis or chemical characterization of the samples.
Experimental setup and applied strategy
In order to implement this research study, two test wall models were built with the same overall dimensions. The dimensions of the test wall are 44 cm × 38 cm × 16.5 cm (width × height × thickness). Two layers compose the standard wall model that are, from the interior to the exterior: a 15 cm ceramic brick masonry wall filled by a 1.5 cm plastering mortar previously designed. The brick is horizontally perforated and is characteristic of nonloadbearing enclosure masonry walls in Portugal and various European countries [17] . The second wall model (Fig. 2) is essentially the same as the previous one being the only difference the plastering mortar coated with a TiO 2 nanoparticles based thin surface layer with a thickness of about 0.8 m (irradiated with UV lamps). By using several layers of extruded polystyrene (XPS), in which each layer is composed by two XPS plates (each have a thickness of 3 cm), all sides of the test wall (except the front and the back side) were carefully thermally insulated in order to ensure a unidirectional heat transfer.
In order to obtain the thermal characteristics of both test wall models, the experimental setup includes one heat flowmetre (from Hukseflux HFP01), which is fixed in the wall back face (Fig. 3a) , a heat source (a 120 W heating vent), surface temperature sensors (seven per face wall), two ambient temperature sensors (one located near the heat source and the other placed in a region close to the back surface wall), a data logger (dataTaker DT 800) and a computer. For the wall model having the external surface modified by the superficial addition of TiO 2 nanoparticles, the experimental setup also includes two UV lamps (PHILIPS TL-D 18 W BLB SLV). In order to activate the semiconductor material, the light source was fixed on a support structure placed at a distance of about 30 cm from the TiO 2 coated surface wall (Fig. 3b) . At this distance, the UV light power intensity is about 8 W/m 2 (measured with a Quantum Photo Radiometer HD9021 Delta Padova).
Essentially, the experimental analysis consisted on monitoring over time the thermal behaviour of the test wall models, namely the TiO 2 -coated mortar and the uncoated ones (i.e. the standard model), that from now on will be designated by TiO 2 -CSurf and UncSurf, respectively.
In this work, the used thermodynamic model refers to onedimensional (1D) heat flow across the wall model. Under a steady-state condition, the model includes both convective and conductive heat transfer (Fig. 4) . If bear in mind that the deposited TiO 2 layer is a thin layer of about 0.8 m and that its deposition on a mortar wall did not conduct significant changes in the optical (colour) and surface properties of the mortar wall, it is not plausible to expect a variation in the sample's surface emissivity (i.e. the surface maintains its dark colour, thus its lower emissivity). Due to this fact, the radiative component of heat flux was not taken into account in the thermodynamic model.
By using the electric analogy, the thermal transmission coefficient, U for the test wall models were computed according to the following equation
where R conv,1 and R conv,2 are the convective thermal resistances, respectively, corresponding to exterior and interior surfaces of the test wall model, and R cond is the conduction thermal resistance of the wall model. Furthermore, the thermal resistances of a building system, such as the wall model considered herein, can be quantified by applying the following equations:
in which ϕ (W/m 2 ) is the average value of heat flow across the test wall model, experimentally recorded by the flowmeter; T 1 and T 4 are, respectively, the average values of the exterior (hot air) and interior (cold air) temperatures recorded by the ambient temperature sensors and T 2 and T 3 correspond, respectively, to the temperature average values (recorded by the surface temperature sensors) of exterior and interior surfaces of the wall model. For both wall models considered in this work, the thermal tests took about 15 h. The temperatures (T 1 to T 4 ) and the heat flow across the wall models were measured continuously (in between 1 min intervals). In order to apply Eqs. (1)-(4) the steady-state condition was considered as being roughly comprised within the first 5 h of the test experiments.
As previously referred, one of the main objective of this research work was to evaluate the thermal performance of a TiO 2 -coated plastering mortar after subjecting its surface to the sprinkling of a small amount of water. To achieve this goal, the exterior surfaces of both wall models were sprayed with some 50 mL of water. In this way, the water spraying took place after an elapsed time of about 5.5 h from the starting of the thermal tests. Because of water spraying, the energy from the hot air (heated by the heating vent) is absorbed by the thin water surface layer. The absorbed heat can be diffused downward, or otherwise lost again through the water surface. It will be assumed that the dominant process of heat loss is the latent heat flow by water evaporation, q L (W/m 2 ). The latent heat corresponds to the heat flow variation, which is recorded by the flowmetre during the interval of time in which the water spraying took place, namely:
where ϕ is the average heat flow under the steady-state condition and ϕ (t) corresponds to the heat flow measured at a particular instant of time, t during the water spraying. The latent heat flow by water evaporation is related to the water evaporation rate by the following equation [18] :
where L (J/kg) is the latent heat of evaporation, (kg/m 3 ) is the water density and dÁ is the thickness of the layer evaporated during the time dt.
Experimental results and discussion
The results obtained and their discussions are as follows.
Crystallographic structure of TiO 2 powders
Fig . 5 shows the XRD spectrum of the TiO 2 particles used in this work. The crystalline phases can be confirmed by the presence of (1 0 1), (0 0 4) and (2 0 0) diffraction peaks, for the case of anatase phase and (1 1 0), (1 1 1), (2 1 1) and (0 0 2) for the rutile crystalline phase.
Using the Scherrer equation, it was observed that the mean crystallite grain size of the TiO 2 nanoparticles was around 23 nm and 28 nm for anatase and rutile phases, respectively. These values were calculated from the full-width at half-maxima intensity of the (1 0 1) anatase diffraction peak (corresponding to 2Â = 25.3 • ) and rutile diffraction peak (corresponding to 2Â = 54.1 • ). A mixture of anatase and rutile phases in TiO 2 particles was found, being possible to calculate the weight percentage of the anatase phase, W A , using the following equation [19] : where I A denotes the intensity of the strongest anatase reflection and I R is the intensity of the strongest rutile reflection. In our case, the TiO 2 particles have a percentage of the anatase phase equal to 78.4% as calculated by Eq. (7).
Surface characterization
Fig . 6 shows the SEM micrograph of the standard plastering mortar. Along with the SEM micrograph, the corresponding results from EDS analysis is also presented.
It can be observed that the sample's surface appears to be moderately uniform and regular, although in some surface regions the formation of pores is observed. Results of the EDS spectrum provide the elemental analysis of the standard mortar mix, showing the chemical elements that are characteristic of cement and lime based mortar. Multiple regions in the surface were analyzed and revealed comparable concentrations of the chemical elements at the specimen's surface.
Similarly, Fig. 7 refers to the SEM micrograph and results of EDS analysis for the TiO 2 -coated mortar.
Observing the SEM micrograph for the TiO 2 -coated mortar, it is possible to verify that its surface morphology is quite different from the one corresponding to the original standard mortar. In fact, it is possible to observe the formation of numerous aggregates, which are organized in a lamellar type structure and that partially cover the surface of the original mortar. From the EDS spectrum of the TiO 2 -coated mortar, it is possible to identify that the major chemical element that is detected at the surface of this specimen Fig. 7 . Surface SEM micrograph and EDS spectrum of the TiO2-coated mortar. is titanium, as was already expected. The presence of the Ti chemical element on the mortar surface is desirable in order to study the influence of using TiO 2 coated surfaces, as being an alternative for energy savings in buildings. Once again, some different surface regions of this specimen were analyzed, and revealed comparable concentrations of the Ti chemical element.
Thermal performance of wall models
The obtained experimental data is presented graphically in Figs. 8 and 9 , respectively, for the standard and TiO 2 -coated mortar wall models.
By analysing the graphs of Figs. 8 and 9, the first clear evidence refers to a strong variation on the values of the temperature T 2 and in the heat flow ϕ. These high variations occur around a time interval comprised between 5.5 h and 6 h after the starting of thermal tests, and arise from the effect of the water spraying on the front surface of the test wall models.
Moreover, for time intervals up to and after water spraying, it is possible to verify that the temperature's values of the front and back wall surfaces, respectively, T 2 and T 3 , and the back ambient temperature, T 4 are in general stable over time. However, for both wall models, the temperature values recorded by the exterior ambient temperature sensor, T 1 provides noticeable fluctuations of about 5 • C and 4 • C, respectively, for the standard and TiO 2 -coated mortar wall models. This was due to the type of heat source that has been used (a heating vent). In order to avoid this situation, the choice of an infrared light as heating source should be implemented in future Table 3 Calculated thermal transmission coefficients and thermal resistances. works since it enables a continuous heating and it is also easy to apply and remove without disturbing the heat flow (presenting also a relatively low cost).
In Table 2 are presented the average (A v ) values, in the time interval taken as the steady-state condition, for the thermal variables T i (i = 1 to 4) and ϕ for the two wall models considered in this research work.
The thermal gradient between exterior and interior ambient temperatures ( T = T 1 -T 4 ) attained during the tests is suitable to apply the 1D heat transfer model already presented. These thermal conditions, enables the existence of a required heat flow across the wall models, always from the outside to the inside, which is necessary to evaluate its thermal performance.
Considering the steady-state condition, the data obtained through the experimental test and registered by the heat flowmeter and temperature sensors, were introduced in Eqs. (2)-(4) in order to obtain the thermal resistances R cond , R conv,1 and R conv,2 for both walls models. Using these values and applying Eq. (1) the values of the thermal transmission coefficient U for the standard and for the TiO 2 -coated mortar wall models were determined, as shown in Table 3 .
Comparing the steady-state values of R cond and U it is possible to conclude that the application of a TiO 2 -coated mortar worsens the thermal behaviour of the wall model, in 10% and 13%, respectively, for the conduction thermal resistance, and for thermal transmission coefficient. Moreover, the obtained differences in the internal convection heat resistance R conv,2 , (comparing the coated and uncoated wall) may also result from the contribution of water evaporation, which occurs in the outer surface of the wall that changes both the heat flow and the temperature of the wall (T 3 ) and the interior temperature (T 4 ); this circumstance should have an impact on R conv,2 . In addition, constructive differences and/or standard material heterogeneities may also influence the obtained values for internal R conv parameters.
The obtained results show that TiO 2 -coated mortar has a worse thermal insulation capacity than the standard mortar. These results are probably related to the differences between the thermal diffusivities (˛ = / C P ) of both materials, where (W/m • C) is the material thermal conductivity, (kg/m 3 ) is the material density and C P (J/kg • C) is the material's specific heat. The higher the value of ˛, more rapidly heat will diffuse through the material. By examining the variables that compose ˛, it is possible to check this dissimilar behaviour. A high value of ˛ can be due to a high value of thermal conductivity, or otherwise, can result from a low thermal capacity, C P . The thermal characteristics of the different materials, namely for a standard mortar and for the TiO 2 nanoparticles (anatase phase and size of about 25 nm), are presented in Table 4 , according the works performed by different research teams [20, 21] . By examining Table 4 , it is possible to verify that the thermal diffusivity of TiO 2 nanoparticles is much higher than that of standard mortar. This difference mainly results from the effect of the material's thermal conductivity. Actually, the thermal conductivity of the TiO 2 nanoparticles is about 20 times higher than that of the standard mortar, and therefore, overlaps the effect of heat capacity. In fact, the thermal capacity of TiO 2 nanoparticles is only 2 times higher than that of the standard mortar. Additionally, another reason for the occurrence of the decrease in the conduction thermal resistance may be due to slight constructive differences and/or standard material heterogeneities that could have occurred during the manufacture of the tested walls.
Additionally, it was also analyzed thermal behaviour of the wall models in the transient condition (i.e. due to water spraying). Fig. 10 (a) and (b) shows the heat flow variation (i.e. the latent heat flow by water evaporation) for the TiO 2 -coated and standard mortar wall models, respectively.
By examining the graphs of Fig. 10 (a) and (b), it is possible to verify that during the interval of time in which the water spraying took place, the heat flow variation increases over time. This is not unexpected since, during this interval of time, the surface temperatures of the exterior wall models (T 2 ) also decreases rapidly due to the effect of water spraying, and therefore enabling the redirect of heat flow from the wall's exterior surface to the water surface layer that is already deposited.
By using the OriginPro 8 software, it was performed a non-linear fit to the experimental data (scatter points) shown in Fig. 10(a) and (b) in order to express q L as a function of time, according the following expression:
where the fitting parameters are shown in Table 5 .
As can be checked out, for the TiO 2 -coated wall model (TiO 2 CSurf), the value of the fit parameter m (the so called time decay constant) is less than the one obtained for the standard mortar wall (UncSurf), being only about 43% of the value obtained for the uncoated specimen. Fig. 11(a) and (b) shows the rate of heat flow variation (i.e. the time derivative of the expression (8)) for the TiO 2 -coated and standard mortar wall models, respectively.
From the graphs plotted in Fig. 11 (a) and (b) it can be observed that in the initial instants of time (corresponding to the start of water spraying), the rate of heat flow variation (loss of latent heat) is very high, and tends to decrease rapidly over time.
However, the loss of latent heat is much higher for the TiO 2 -coated wall model. For example, at t = 0 the loss of latent heat for the TiO 2 -coated wall model is about 5 times higher than the one obtained for the standard mortar. Once again, this behaviour is probably related to the differences between the thermal diffusivities of the used materials, and could be explained by the same reasons that were previously invoked.
Therefore, it is anticipated that for the TiO 2 -coated mortar its water evaporation rate (dÁ/dt) should be also higher. In fact, by using Eqs. (6) and (8) it is possible to express the water evaporation 
where t is the elapsed time from the starting of water spraying, A is the maximum heat flow variation (presented in Table 5 and obtained from the non-linear fit to the experimental data) and R = 1/L = 4 × 10 −10 m 3 /J. In order to compare the water evaporation rate for the both wall models, this parameter was evaluated for t = m that corresponds to the instant of time in which the evaporation rate reaches about 63% (1 − e −1 ) of its maximum value. Thus, by introducing in Eq. (9) the values presented in Table 5 the obtained results for the water evaporation rate are about 1.32 nm/s and 3.12 nm/s, respectively, for the standard mortar and TiO 2 -coated wall models. In this sense, it is possible to conclude that the deposition of TiO 2 nanoparticles on the exterior wall surface improves the water evaporation rate in 136%. 
Conclusions
This research work was focused on the analysis of the thermal performance of a standard building wall and its comparison with a brick masonry wall coated with a TiO 2 plastering mortar in its exterior side. The experimental work showed that the application of a TiO 2 -coated mortar worsens the steady-state thermal behaviour of the wall model, in 10% and 13%, respectively, for the conduction thermal resistance, and for thermal transmission coefficient, when compared to the standard wall model. This thermal behaviour can be due to high thermal diffusivity of the TiO 2 nanoparticles. The thermal conductivity of the TiO 2 nanoparticles is about 20 times higher than that of the standard mortar, and therefore, overlaps the effect of heat capacity.
From the SEM micrographs presented, it was possible to verify that the surface morphology of the TiO 2 -coated mortar is quite different from the one corresponding to the original standard mortar. It was observed the formation of numerous aggregates organized in a lamellar type structure that partially covers the surface of the original mortar. From the EDS spectrum of the TiO 2 -coated mortar, it was identified that the major chemical element detected at the surface of this specimen was titanium. The presence of the Ti chemical element on the mortar surface is a desirable feature in order to study the influence of using TiO 2 nanocoated surfaces.
It was also possible to conclude that the deposition of TiO 2 nanoparticles on the exterior wall surface enhances the water evaporation rate in 136%. In a future experimental campaign, aiming the real context application, the evaluation of the thermal behaviour should be achieved by taking longer time intervals. During these time intervals, the frequency of the water sprinkling should also be increased. Under this condition, it will be expected a more pronounced temperature decrease of the exterior wall surface, thereby increasing the thermal service performance of the building system since the latent heat flux should be higher.
As final remark, it should be emphasized that the thermal performance of TiO 2 -coated masonry brick wall may be influenced by the concentration of aqueous solution containing TiO 2 nanoparticles and also by the applied UV irradiation power. In this sense, it will be useful in future experiments to investigate the influence of these features in the overall performance of these systems.
